Abstract: Due to the speed development of the mechanical equipment, it is important to realize the nondestructive evaluation in time to guarantee the safe and reliable operation. Distributed vibration detection is a conventional approach, but it may suffer from the disadvantages that it is complex to arrange a large amount of measuring points. On the other hand, some optimization algorithms are effective for approximate solutions. Taking into these considerations, we proposes a corresponding damage identification method to realize the damage localization by Fiber Bragg grating sensing technology with interpolation algorithm, which can create a simple method to identify the damaged region for the plate structural. In this paper, vibration detection based on some FBG sensors is built up and the optimum parameters are given. On the basis of this, interpolation algorithm is applied into vibration test and the experimental results show that localization method by the interpolation analysis is feasible to damage detection and it has better detection effect for a thin steel plate.
Introduction
With high speed development of the modern production, mechanical equipment has to face complex working conditions and long working time. So it should take appropriate effective measures to prevent further damage of the mechanical equipment. Despite some achievements have been maken in the structural damage identification, but some of these methods are only applicable to detect static objects and restricted in the field of engineering. While structural damage identification method based on the structure vibration [1] has the advantages of convenient, fast, non destructive, cheap and easy online implementation, compared with the local static detection method. At present, the strain damage parameters main have the damage identification indexes based on the strain modal, the frequency response function of strain, curvature mode and the strain energy [2] . Mostly, in the practical application of the unknown damage position, many electrical sensors are used, which will cause the complexity by arranging a large number of detection points and electromagnetic interference. On the other hand, fiber Bragg grating (FBG) sensor has many advantages of optical fiber sensor such as simple structure, small volume, light weight, etc [3, 4, 5] . Many scholars have carried out a lot of research on the damage identification methods based on FBG sensors [6, 7, 8] . Capoluongo proved that the FBG sensor can replace the accelerometer in vibration test for the structure damage detection [9] . Hwang, Kim established the equations of matrix changes with the damage change by using measured data, then solved the matrix changes using the least square method to determine the damage location [10] .
Recently, the work in the references [11, 12, 13] make some contributions to signal processing or reconstruction. Shi presented digital elevation model relating to spatial resolution by bilinear interpolation. Raya presented a shape based interpolation scheme for multidimensional images that leaded to more accurate representation and illustrated it with a number of medical imaging examples. Takeda introduced a kernel regression method, which was an effective tool for interpolation. But these algorithms were usually concentrated in the simulation analysis or image processing, but rarely extended in the damage detection. So we will focus to damage detection based on FBG sensors by interpolation algorithms compared to their work.
Aiming at the existing problems of damage distributed detection for mechanical structures, we presents a damage detection based on distributed FBG measurement with interpolation algorithm for a thin steel plate and the key contribution is to propose a new damage detection approach by the interpolation algorithm, which can realize damage detection of mechanical plate through the limited number of detection points. This paper is structured as follows. Section 2 introduces the principle of the interpolation approach and the sensing features of FBG. In Section 3, the model simulation of the thin steel plate is given in ANSYS and the basic modal test of the plate structure is verified by PLUSE software. In Section 4, plate structural damage experiment based on distributed FBG measurement is built up and the optimum parameters are selected by the basic experiments. In Section 5, interpolation method is introduced into vibration test, and the experimental results show that localization method by the interpolation analysis is feasible to damage detection in thin steel plate. Section 6 summarizes the full text.
2 Interpolation approach and FBG sensing principle 2.1 Interpolation approach Some effective interpolation approaches have been researched in digital elevation model such as nearest neighbour interpolation, the bilinear interpolation, cubic interpolation, polynomial interpolation and so on. The interpolation methods can be classified as linear and nonlinear. Each of these interpolation methods has its own characteristics. Linear interpolation is easily implemented, which is applicable for simple change. While nonlinear interpolation is more appropriate for complex deformation change. Nearest neighbour interpolation is the simplest and its speed is fast, but may bring the sawtooth such as obvious flaws. In general, comprehensive studies have been conducted that simple bilinear or bicubic convection are adequate for some evaluating case studies. Bicubic interpolation can preserve more details and has a good interpolation effect, but it requires a large amount of calculation. While bilinear interpolation is relatively easy to implement ensuring interpolation effect because of its relatively small amount of computation complexity and it can gain a better interpolation effect. Therefore, in this research, a bilinear interpolation model was used to damage detection of the plate structure. The bilinear interpolation is briefly introduced in the following equations. For the one dimensional case, the bilinear interpolation takes the following form:
where a 1 , a 2 are coefficients that need to be estimated in advance, while m is the interpolation point. For the bilinear interpolation method in the two-dimensional case, the bilinear interpolation takes the following form:
where m iÀ1;jÀ1 , m iþ1;jÀ1 , m iÀ1;jþ1 , m iþ1;jþ1 are regarded as four obtained points, while " m i;j is the interpolation point. We can provide four points in advance and substitute these points into the bilinear formula to obtain the interpolation equation. For the two-dimensional case, the root mean square error (RMSE) is given as:
2.2 Sensing principle of FBG sensors Distributed FBG sensors can measure strain and temperaturement based on the Bragg wavelength reflection or transmission spectrum detection. During boadband optical light transmission in FBG, incident light will be reflected if it meets the Prague diffraction conditions. While the light with other wavelengths will transmit. The changes of the effective refractive index of the fiber core or the grating period will cause the reflected light wavelength change. Regardless of the tensile or compression for the grating, this will lead to the change of grating period. When the FBG is only affected by the axial stress, ignoring the influence of temperature.
Then the wavelength change of fiber grating is expressed as:
where Á 0 is wavelength drift caused by strain, general elastic-optic coefficient P e is 0.22, sensitivity coefficient relative to wavelength is 1 À P e , which has ideal relationship between wavelength and axial strain of FBG. The center wavelengths of FBG sensors used in this experiment are between 1284-1322 nm, the axial strain sensitivity of fiber Bragg grating are between 1.002-1.031 pm/µε by equation (4). Therefore, it can analyze the axial strain change of fiber Bragg grating by detecting the change of the grating center wavelength and avoid the electric sensor's weight load, the influence of electromagnetic field.
3 Modal analysis of the plate structure 3.1 Modal simulation of the plate structure The finite element model will directly affect the analysis results, and it should be as simple as possible ensuring enough precision. We specify the material performance: the material elastic modulus is 206 GPa, poisson coefficient is 0.3, the material density is 7800 kg/m 3 , the size of the plate structural model is 500 Ã 500 Ã 2 mm 3 .
The structure models of the intact plate and the damaged plate, with four round holes for bolt fixed on the bracket, are set up respectively in ANSYS software. The damaged plate has one damage on the top-right corner, whose size is 20 mm Ã 2 mm Ã 2 mm. Modal analysis is used to determine the vibration characteristics by obtaining the natural frequencies of the plate structure. The analysis results can be used as the basis of the subsequent experiments in the vibration test. After the parameters are set, the first ten order natural frequencies are solved out under all the constraints of the four corners, as shown in Table I , from which it can be seen that the natural frequency of the healthy plate is very close to that of the damaged plate.
So it is difficult to analyze variation characteristics by frequency method.
Here we mainly research on vibration characteristics to determine the damaged area by taking strain change parameters as indicators. So we observe the modal deformations, as shown in Fig. 1 and Fig. 2 , where the first three vibration modes are the overall vibration with good rigidity and local modes appear from the fourth order. This phenomenon indicates that the shell stiffness are uneven, which is in accordance with the damaged zone in the shell.
Aiming at the limitations of single method in mechanical structure detection, here we can combine the natural frequency analysis with vibration mode analysis, and compare the characteristics of the healthy plate with the damaged plate. Then we can contrast the vibration modes from the fourth order frequency in Fig. 1 and 2, and determine whether there is a damage on the plate. The analysis results can be used as the basis for subsequent experiments and analysis of structural damage.
Modal test of the plate structure
The modal test is help to carry out modal experiment in PLUSE software. The main process of the experimental modal testing includes: choosing force hammer and incentive schemes, decorating the accelerometer, determining the input range of channels, determining the analysis bandwidth, choosing the measure function. For the sake of measurement points, frequency analysis is set to the target bandwidth, whose value cannot be set too high. Otherwise it will cause unnecessary alarm because of energy attenuation in high frequency spectrum. We set the range, time window of the excitation signal and the response signal. The frequency response can be seen from the diagram there is an obvious resonance peak. Through the Fig. 1 . The first 10 order vibration modes on health plate a-e is respectively on behalf of 1-5 order; f-k is respectively on behalf of 6-10 order above analysis, we choose the metal force, establish a geometry model of the plate as shown in Fig. 3(a) , and then analyze the frequency response of the plate structure as shown in Fig. 3(b) . The analysis frequency is set to 1.6 kHz, and the frequency domain signals can be obtained through the PLUSE analysis software by the acceleration sensor.
In Fig. 3 , good repetition is in the range of 0-200 Hz through the experiment. The peak frequency values are 57 Hz, 129 Hz, 187 Hz. According to the experimental results, in order to get a larger response waveform, subsequent experiments will focused on the frequency band of 57 Hz, 129 Hz, corresponding to the second order, six order frequencies respectively in modal simulation. The results have a certain deviation with the change between the constraints of the theoretical analysis and the actual fixed constraint.
Plate structural damage experiment based on distributed FBG measurement
The mechanical detection system is shown in Fig. 4(a) , and detection apparatus is shown in Fig. 4(b) . Plate size is 500 mm Ã 500 mm Ã 2 mm, and the damage is on the top-right corner, whose size is 20 mm Ã 2 mm Ã 2 mm. In the process of experiment, signal generator produces a sine wave signal, which will trigger the (a) (b) Fig. 3 . The modal testing of the plate structure based on PLUSE software a-The geometric model; b-The frequency response curve Fig. 2 . The first 10 order vibration modes on damaged plate a-e is respectively on behalf of 1-5 order; f-k is respectively on behalf of 6-10 order B&K4824 modal vibrator to generate simple harmonic vibration. Vibrating ejector rod is installed in the plate center, whose vibration causes the center wavelength drift of FBG on the thin plate structure. The center wavelength drift is demodulated by the optical fiber grating demodulator, which is a high speed acquisition in time domain with the sampling frequency of 4 kHz. It can display real-time status of the center wavelength of FBG, analyze strain deviation of the signal wavelength, and determinate damage region by contrasting the signals of the healthy area and the damaged area.
Measuring point layout in distributed detection is very important and fiber Bragg grating sensors are pasted on the board as shown in Fig. 5 , which are respectively arranged in healthy and damaged area. The layout of FBG sensors is as follows: there are nine pasted fiber Bragg grating sensors below left corner in healthy area, which are represented respectively by a-i; and the corresponding alphabets A-I are represented respectively nine pasted fiber Bragg grating sensors on top-right in the damaged area. In addition, in order to observe the strain around the damage and the symmetry of the structure, No. 1-5 and No. J FBG sensors are pasted, too.
According to above modal analysis of the plate structure, the subsequent experiments will focused on the range of 0-200 Hz frequency band, as shown in Fig. 6 , which is the response signals of FBG sensors under different excitation Fig. 6 (a), 1-9 digital on the horizontal axis represents the FBG sensors in healthy zone, while 1-9 digital on the horizontal axis represents the FBG sensors in damaged zone in Fig. 6(b) . The distribution of these FBG sensors on the plate are different, so the corresponding response of different under the excitation signals with the different frequencies according to the modal characteristics of the plate structure. And the experiment phenomenon shows that larger response signals appear in the band of excitation frequency 55-65 Hz, corresponding to the second, six order natural frequencies respectively in modal analysis results. The results have a certain deviation due to the deviation of the constraints in the theoretical analysis and in the actual fixed constraint.
As can be seen from Fig. 6 , when the frequency of excitation signal is 60 Hz, FBG signal has maximum amplitude variation. Therefore, this experiment mainly analyze the excitation signal around the frequency of 60 Hz. Therefore, we focus on the analysis of FBG response signals in healthy and damaged area under the signal excitation with the amplitude of 2 V. The results are shown in Table II and Table III when the excitation signal is 60 Hz with the amplitude of 2 V.
Overall, we can see from Table II and Table III that signal amplitude of the FBG wavelength under the excitation with the frequency of 60 Hz is biggest in healthy area, and the corresponding FBG strain amplitude is biggest in damaged area. Therefore, this study mainly analyzes the response of FBG under the excitation signal with the amplitude of 2 V, the frequency of 60 Hz. 5 Interpolation analysis based on the measuring points
The interpolation analysis based on the measuring points
In order to verify the feasibility of the interpolation method, FBG sensors from #1 to #5 are pasted around the damage (as shown in the previous Fig. 5(a) ), where #1 FBG, #2 FBG, #4 FBG are arranged round the damage; #5 FBG pasted in the middle of C, F point; #3 FBG is far from the damage. The actual measured amplitudes of FBG wavelengths and interpolation amplitudes are as shown in Table VI . #5 FBG lies on the middle of point C and F. It is close to the actual 14 pm according to the calculated variation amplitude by interpolation method; #4FBG is at the tip of the damage, so the actual signal is the strongest; #3FBG is near to the midpoint of point B, M, whose calculation result is 16 pm. Deviations may be caused by the paste direction. #2 FBG is near to the other tip of the damage, and the actual signal is strong, so the deviation is big. #1 FBG is near the damage, and the deflection calculated according to the interpolation method is big, too. From Table IV , we can see that if interpolation point is near to the damage, the calculated bias will be larger because the actual mutation signal enhances. But it does not affect this judgement of the damaged area. We connect the interpolation points with direct lines, which form an area containing the damage location. Therefore, we can determine damaged area, according to the magnitude deviation of detection points and interpolation points in healthy area and damaged area. Damage position should be near the biggest deviation value.
According to the strain analysis of FBG in the damaged area and heathy area, the larger strain changes mainly concentrate in BCEF region, as shown in Table V , using interpolation method to select interpolation points as shown in Fig. 7 . The calculation steps of each interpolation point are as follows: first, the adjacent interpolation points need to calculate by linear interpolation, then put these adjacent interpolation point data into bilinear interpolation formula (2) , and obtain the final interpolation point solution. For example, if we want to obtain the value of T, above all the interpolation points such as M, N, R, S around the interpolation point T need to calculate respectively. The strain amplitudes of M, N, R, S, T points are estimated. In the same method, the strain amplitudes of m, n, r, s, t points are estimated in healthy area, as shown in Table VI .
The interpolation application
According to the distribution of the measured data, we can use the interpolation algorithm in order to further determine the damaged area. The interpolation can estimate the other points according to the given sample points to achieve more smooth. We will compare the interpolation effect for the different interpolation methods such as nearest interpolation, linear interpolation, cubic interpolation in the following text. Firstly, we draw the curve of damaged area and healthy area according to the previous experimental data, as shown in Fig. 8(a) and (b). Then we can subtract the strain signals, and take the square of the difference and get the corresponding histogram, as shown in Fig. 8(c) .
Then typical interpolation methods have been applied, such as nearest point interpolation, cubic interpolation, bilinear interpolation. Overall, the interpolation results are affected by the interpolation node selection. These three kinds of interpolation algorithms are compared, whose interpolation effects are shown in Fig. 9 , 10, 11. It can be seen that cubic method in Fig. 9 has the best smoothing effect, which is suitable for image processing and need a long time because of calculation. Nearest interpolation is a basic, simplest algorithm, and the nearest neighbor values are regarded as the interpolation points. As can seen from Fig. 10 , the results with nearest interpolation are right angle turn, which is very serious distortion. Bilinear method in Fig. 11 has the larger slope on the sample points, which is close to the actual signal. Under uniform selection of the nodes and reasonable circumstances, bilinear interpolation result tends to be reasonable. In this work, we require to determine the damaged region, which is not high demand for smoothness, therefore, bilinear interpolation as a relatively simple method will be applied into signal analysis of damage detection.
According to the interpolation results combined with the Table V and VI, we can determine the region where the strain change is bigger is in the area consisting of four points B, F, N, S. Therefore, predict damage region should be within the scope of the BF line and NS line. From Fig. 11 by bilinear interpolation method, we can see the highest point is near the damage region. The position deviation is about 2 cm with the actual tip of the damage using this method. The interpolation algorithm is feasible for the damage region determination and its predictive effect is better than that without bilinear interpolation.
Conclusion
This work focuses on distributed FBG sensing technique, which has been proven to be a powerful method for measurements. In view of the present situation that mechanical structural damage detection need in large of distributed detection points, this paper presents a new method using a small amount of detection points by FBG sensors with interpolation algorithm, avoiding the shortcomings of large amount of test arrangement. In this work, thin steel plate with four fixed corners is taken as the object study, the characteristics of the vibration test on the thin plate are analyzed by taking FBG strain sensing parameters as the identification index, and the interpolation method is introduced in the analysis computation. This damage localization can narrow the damaged area by the interpolation method, simplifying the operation complexity. And its feasibility is verified by the experiments. 
